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I. Introduction 

This contract aupporta work with the IUE satellite, and continues a 

previous contract NAS 5-22833 for which a final report was aubaltted in 1982. 

Our work with the IUE satellite la priaarlly directed to the study of spectra 

of very luminous, high temperature stars, the O-type stars with the largest 

masses among stars, and the Wolf-Rayet (W-R) stars. These stars are 

characterized by strong stellar winds which produce significant mass loss. We 

( 

are interested in the nature and evolution of these winds, and to that end we 
want to learn the densities, velocity structure, ionization balance and 
composition. The IUE satellite provides the best way to study these phenomena 
because many of the most important ground state and excited state lines of 
common highly ionized species are found in the spectral^range. In section II 
we discuss progress made in understanding mass loss from these stars and its 
implications. Section III covers continuum studies of W-R stars. Section IV 
outlines progress in the area of llue profile variability in the winds of W-R 
stars. A list of all publications supported by this grant is Included at the 



II. Mass Lost from 0-typ« Stare 

Ultraviolet observations of 0 and B stars invariably reveal the effect of 
atellar aais loss, seen in the P Cygni profiles of resonance lines. Radio and 
Infrared obaervatlone also indicate the presence of stellar winds through the 
preeence of free-free emission. These winds have been studied intensively in 
recent years, not only for their effect on stellar evolution, but *lso for 
their Influence on the surrounding Interstellar nedlun. It la now possible to 
extend our observations to Include atars in the Magellanic Clouds, where 
classical and kinenatlcal differences are important. 

Various techniques have been developed for deriving the mass loss rate 
from the observations. While radio observations are the most straightforward, 
• only the largest mass loss rates can be detected with the VLA, and only for 
northern hemisphere stars. Thus IUE has emerged as the workhorse for the 
determination of mass loss rates. Through the fitting of theoretical line 
profiles to high dispersion IUE date for P ^vgni lines (Castor and Lasers 
1979, Germany, Olson, Conti and Van Steenberg 1981) mass loss rates have been 
derived for a large sample of stars. The primary factor controlling the mass 
loss is the atellar luminosity (Pig. 1). Nevertheless , there is sufficient 
scatter in Pig. 1 to suggest that other effects besides luminosity may 
contribute to the mesa loss rate. (Lasers, 1981, Germany and Conti 1984). 

The functional form of the mass loss rate has important theoretical 
implications. The moat widely accepted explanation for the wind structure is 
the line radiation pressure model, developed by Castor, Abbott and Klein 
(1975) and further elaborated upon by Abbott (1982). This model predicts a 
0 . specific dependence of mass loss on luminosity, mass, maul abundance and 
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Although tho lino radiation nodal ha a baan vary auccaaaful In axplainlng tha 
obaarvatlona, thara art atlll problems to ba aolvad. In particular, tha 
obaarvad X-ray flux, while axplainlng tha anomalously high Ionization stages 
obsarvad in oxygan and nitrogen, probably originates In shocks throughout the 
wind. Thera la also little consensus on tha origin of variability In line 
profiles. 

One approach to understanding tha aechanlsw behind m*ss loss la to 
correlate tha rata with various stellar paraaeters. Tha aajor difficulty hare 
la that tha parameters one wants to consider do not vary enough In the 
observable range. For example, testing for a netalllclty dependence In 
Gal/iCtlc stars la Impractical because there la not a large enough gradient 
(Germany and Conti, 1984). As a result, two years ago we began an observing 
program with IUE to study mass loss effects In the O-stars of the Magellanic 
Clouds (Germany and Conti, submitted). Previous studies (Hutchings 1982; 
Bruhweller, Parsons and Wray 1982) had found evidence for weaker stellar winds 
In th? LMC and SMC. This la expected on theoretical grounds because of the 
lover metalllclty In the clouds. Our study differs In that we observed a more 
normal population of O-type stars which could be directly com pa rad with 
galactic atara for which mass loss rates had already been determined. (Our 
technique for Isolating these stars will be discussed In Section 3). In the 
LMC we observed 10 0-type and 1 B-type star; In the SMC, 3 0-type «nd 4 B 
stars. Tha rasulta are provocative. 

The wind terminal valoclty la the most dlract msasuremant In a P Cygnl 
profile. Pig. 2 compares this velocity, V w , for stars In the galaxy, LMC, and 
SMC as a function of spectral type. Proa this figure It appears that although 
thara la a large range In teralMl velocity for a glvan spectral subtype, the 


LMC stars srs gras rally about 20Z lower lo velocity than tha Galactic stars. 
However, thars arc not enough SMC stars to tall if we arc seeing only the 
upper edge of the range or a representative saaple. 

The question of mss loss is not as direct. In the Clouds we are using 
low dispersion IUE spectra which aust be calibrated with results froa high 
dispersion spectra. We cannot perfora the aaae analysis for mss loss because 
of the lower resolution. Therefore the technique we eaployed with the LMC 
stars was to coapute a mss loss paraMter for both LMC and galactic stars. 

As the galactic stars had previously been analysed froa high dispersion IUE 
observations, we were able to calibrate the mss loss paraMter froa thea. In 
the LMC our results indicate that, if the ionisation balance is siallar to 
corresponding galactic stars, the mss loss rates are comparable to galactic 
stars (Fig. 3). This is not what is predicted froa line radiation theory 
(Abbott 1982). 

As the Mtal abundance in the SMC is about 3 tines lower than in the LMC, 
observations of stellar winds there will test theory auch nore draMtlcally. 

III. The Contlnuua ladlatlon froa Wolf-layet Stars. 

Until recently, our knowledge of the Mgnitudes and colors of V-R stars 
has been based dn photoelectric photoaetry done with interaediate band filters 
selected to svold s few of the stronger emission lines (e.g.. Smith 1968a. b: 
Lunds trom and Stenholm 1979). It is now possible to Improve significantly 
on these results with rece.t advances in detectors (Massey 1982). Ve have 
therefore begun an extensive observational program using the Intensified 
Ret icon Scanner (IRS) at KPNO, the SIT Vldlcon at CTIO and the International 
Ultraviolet Explorer satellite (IUE). Theae data allow us. In principle, to 



determine absolute fluxes and continuum energy distributions in the wavelength 
range from 1200 A to 7000 A by direct measurements between emission lines. 

Wolf-Rayet stars are rare in our galaxy and so none are found very close 
to the sun. Their close confinement to the galactic plane thus swans that all 
of them are reddened: some extremely so. An important problem Is therefore to 
determine the reddening. We will discuss the methods of derivation of unreddened 
continue from a subset of our data and compare it to previous determinations. 

With the absolute spectrophotometry such as presented here, wc arc able 
to determine reddened continue of W-R stars, taking account of the regions 
between the numerous emission lines. The Interstellar extinction in the 
ultraviolet varies greatly from star to star and Is not well understood as 
yet. One cannot use a standard extinction law to derive Intrinsic continue 
for W-R stars, and more Involved methods will be necessary. The ultraviolet 
extinction In front of Cyg OBI differs among the W-R stars In that association. 
The intrinsic continuum of the well-studied W-R star HD 192163 does not fit the 
published model; conclusions about the affective temperatures or the nature of 
the emergent continue of these objects are still very premature. 

IV. Variability in Stellar Winds 

Since the launch of IPE there have been many Investigations of the 
ultraviolet spectra of WR stars both in the Galaxy and in the Magellanic 
Clouds. These ongoing programs have lad to many significant Improvements In 
our understanding of the WR physical properties, their chemical nature, the 
characteristics of their stellar winds and mass loss rates which has shed 
light on the evolutionary status of this enlgmstlc stellar class. However, 


despite the advances that have been aade over tha past dacada vany unresolved, 
yat crucial quaetlooe reaaln, In particular with ragard to tha aechanlea(s) 
Involved In Initiating and aalntalnlng the extraordinary high rataa of aaae 
lose (2-8x10“5 M*/yr) and tha detailed phyalcal character 1st lea of the UR 
atelier wlnde, together with uncertalntlea concerning the origin of obaerved 
variability at optical and UV wavelengtha. Of lncreaalng laportance la the 
reallaatlon that. In addition to radiation preaaure force*, atelier atructural 
pulaatlona aay be occurring In aaaalve, hot atara and that auch effecta nay be 
Inatruaental In deteralnlng aany of the obaerved aaaa lose and wind 
proper t lea. 

In the 6th IU1 round we were allocated obaervlng tlae to aonltor the UN 5 
atar HD 50896 (at that tine the aoat proala lng VR+collapsir candidate) 
contlnuoualy over lta purported 3.7 day binary cycle. Ve wanted to aearch for 
variability In the P-Cygni profile* aa a function of binary phaae which could 
be coapared with the correapondlng pattern of varlatlona known to be coaaon to 
aaaalve X-ray binaries (cf. Dupree et al . 1980, Bonnet-Bldaud ct al . 1981, 
1982). The aaln results are auaaarlzed as follows (Wlllla et al . 1984a): 

(I) Extensive variability l£ seen In the P-Cygni profiles of NV X1240, 
CIV X1550, Hell X1640 and NIV 1718 but with no phase dependence which can be 
likened to those observed regularly In X-ray binaries. Our data thus provide 
no evidence for tha postulated neutron star coapanlon to HD 50896 and cast 
some strong doubts about Its reality and possibly, by Implication, the whole 
evolutionary scenario proposed for the production of VR+collapsar systeas 
(van den Heuvel 1976). 

(II) We have discovered extensive short tine-scale variability In the 
P-Cygnl profiles occurring on scales ^3 hours. Moreover, that this rapid 


Tar lability occurs ovar all phasas in the purported 3.7 day binary period. 
These changes are clearly to be Identified with rapid variability phenomena 
occurring In the star Itself. This la exeapllfled In Fig. 1 (taken fron 
Vlllla at al . 1984) which plots the Matured equivalent width of the F-Cygnl 
absorption component to NIV 1718 as a function of 'binary phase' In our 1983 
data. 

(Ill) A c~iar exaaple In our data of the character of the rapid 
variability In the sane line shown In Fig. 2 which plots the ratio of two 
SVP spectra of HD 50896 obtained three hours apart. Variations In this line 
profile (and elallar affects are seen In NV, CIV and Hell lines) occur over a 
restricted range of wind velocities, fron about -1000 to -1800 ka/s In this 
case. Corresponding changes In the sane two spectra In NV extend to 
-2500 ka/s and In Hell to -2100 ka/s reflecting wind stratification effects. 

(lv) He have also extracted and analyzed all the available IUE data for 
HD 50896 over the period 1978-82 and the coablned results for NIV A 17 18 
(analogous to Fig. 1) for these data and our Septeaber 1983 run are shown In 
Fig. 3. Fron these data we see clear evidence for secular changes (possibly 
linked to changes In the node Is of pulsatlon(?) — see below). At the epoch 
when the V a bs of NIV M718 has Increased by a factor of two over the average 
displayed in our 1983 data, the overall P-Cygni profile extends to auch higher 
velocities, -2600 ka/s, laplylng a significant, secular change In the wind 
velocity/ teaperature structure. Also evident, but less clear, froa the 
earlier epoch data are rapid varltlons of the kind we aonltored In our 1983 
caapalgn, so that It la clear that what we have observed cannot be attributed 
to a "one-off occurrence." 

The tlaescale (^3 hours) of these variations and the character of the 
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profile changes leads us to believe that they are probably due to changes in 
the physical properties of the accelerating part of the HN5 wind linked to the 
occurrence of radial or non-radlal oscillations in the star Itself. He are 
confident that such effects should also be seen in other HR stars. Such 
pulsatlonal phenoaena nay well be of crucial laportance in understanding the 
level and character of the Bass loss observed in this stellar class which 
cannot be explained by current radlatlvely-drlven wind aodels. The 
conflraatlon and analysis of such phenoaena aay well provide the aajor 
breakthrough In our understanding of HR aass loss (possibly also for OB stars) 
and It Is clearly vital that our extensive data basj for HD 50896 be extended 
to other HR stars. As discussed below, no other HR stars have to date been 
observed with IUZ with the required tlae resolution for this purpose, and this 
proposal alas at securing these crucial data for two further WN stars which 
are known to show soae degree of optical and UV variability. He propose to 

i 

monitor these stars for a sufficient period in the aanner so successfully 
accoaplished for HD 50896 In order to build up, in each case, the required 

1 

data base for a aeanlngful statistical study. Although soae degree of 
variability in HR spectra is known at optical wavelengths the effects are 
usually vary saall and generally open to aablguous interpretation and 
credibility. However, In the UV we have deaonstrated that the variability is 
auch larger, unaabiguous and provides a sensitive probe of the interaction of 
any sub-wind oscillatory phenoaena with the wind Itself. UV observations are 
thus likely to play the key role in furthering our understanding of this 
exciting and topical subject. 

Recently Vreux (1984a, b) has reassessed published proposed periods for 
the current HR-fcollapsar candidates listed by Moffat (1983) and also exaained 


■■all scale changes in the optical radial velocities for HD 192163 (WN6). He 
suggests that the observed line variability in such stars is sore likely due 
to single star non-radlal pulsations rather than aplralllng-in neutron star 
scenarios. Clearly we are beginning to witness an accuaulatlon of evidence 
for oscillatory phenomena in early-type atars. 





345 6 7 8 9 3 4 5 6 7 8 9 9.5 

Flg.JL. Kind terminal velocities m a function of apactral subtype for 0 
•tars In tba Galaxy, LHC and BMC (Galactic (o), LHC (•), SMC (+)). 
(a) Luminosity class 111 end V, (b) Luminosity else* 1. 
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Fig. 3 * Snow's mass loaa Index versus M| ol for galactic atara (o), LHC stars 
(•) and SMC stars (4). Boxad data are based either on saturated line 
profiles (galactic;) or on probable saturated line profiles (LHC, 
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